Context: Current information-rich electronic health record (EHR) interfaces require large, high-resolution screens running on desktop computers. This interface compromises the provider's already limited time at the bedside by physically separating the patient from the doctor. The case study presented here describes a patient-centered clinical decision support (CDS) design process that aims to bring the physician back to the bedside by integrating a patient decision aid with CDS for shared use by the patient and provider on a touchscreen tablet computer for deciding whether or not to obtain a CT scan for minor head injury in the emergency department, a clinical scenario that could benefit from CDS but has failed previous implementation attempts.
Introduction
Counterintuitively, in an information-rich world advances in technology can increase, not decrease, cognitive demands on users. 1, 2 In the rush to adopt electronic health records (EHRs) to qualify for federal incentive payments, clinicians now find themselves working with products with poor usability that are neither integrated nor interoperable into the clinical workflow. [3] [4] [5] Since computerized clinical decision support (CDS) is most effective when integrated as part of the physician's normal workflow 6, 7 at the time and location of decision-making, the potential patient safety and outcome benefits of CDS have not yet been fully realized. [8] [9] [10] [11] [12] [13] Furthermore, current information-rich EHR interfaces require large, highresolution screens running on desktop computers. This interface compromises the physician's already limited time at the bedside by physically separating the patient and the doctor. 3, 5 We developed a possible solution to these interface challenges in a clinical scenario that could benefit from CDS but had failed previous implementation attempts. Diagnostic imaging is the fastest growing segment of health care spending in the United States, increasing twice as fast as total health care costs. 14 In the emergency department (ED), use of advanced diagnostic imaging in injured patients has increased dramatically-leading to increased health care costs, exposure to ionizing radiation, and length of stay without objective metrics of improved patient outcomes. 15 In particular, despite implementation of validated, highly sensitive clinical guidelines designed to safely reduce the use of computed tomography (CT) in minor head injury, CT is frequently obtained in low-risk, minor head injury patients in whom it is not clinically indicated. [16] [17] [18] [19] [20] [21] This case study describes a patient-centered CDS design process that aims to bring the physician back to the patient's bedside by integrating a patient decision aid with CDS for shared use by the patient and provider using a touchscreen tablet computer ( Figure 1 ). 22, 23 Furthermore, newer generation tablet computers are flat, portable, and potentially less likely to cause hospital-acquired infections than desktop computers as they can be more easily sanitized since they do not house internal fans. [24] [25] [26] [27] The objective of this case study was to do the necessary foundational work to uncover and disentangle the human and environmental factors, as well as the chaotic clinical workflow, and address them in the design process such that the eventual CDS interface can more effectively support the physician at the point of care. 9, 13, [28] [29] [30] The tool described in this case study has been prototyped and will subsequently undergo usability and fieldConclusions: Successful implementation of this tool will require seamless integration into the provider's reduction at the bedside in the austere and dynamic clinical environment of the ED and is generalizable for these purposes in other clinical environments as well.
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testing, will be interfaced with our institution's EHR, and will be studied in an implementation trial to demonstrate that technology is better than no technology for patient engagement and safe reduction of diagnostic imaging in the ED-an austere and dynamic clinical environment, where the physician is faced with a substantial volume of high acuity patients, time pressures, and interruptions. [31] [32] [33] [34] 
Case Description
Background More than 1.3 million patients are treated annually in United States EDs for traumatic brain injury. 35 Most of these injuries are mild, but in a small proportion of patients with mild injury, clinical deterioration occurs. 36 In patients with clinically important traumatic brain injury, CT imaging yields a quick and accurate diagnosis such that neurological intervention can prevent deleterious outcomes from intracranial hematoma. Although CT has greatly improved our diagnostic ability, it exposes patients to significant amounts of ionizing radiation. 37 In addition, over 90 percent of CT scans for minor head injury are negative for clinically important brain injury. 38 The Canadian CT Head Rule (CCHR) is a clinical decision rule that was developed using a rigorous, evidence-based derivation and validation process to identify appropriate use of CT to differentiate mild traumatic brain injury from clinically important brain injury. 38 In both Canada and the United States, the CCHR has been validated to be 100 percent sensitive and more specific than other guidelines and decision rules. 38, [40] [41] [42] [43] A prospective cluster-randomized trial to implement a similar prediction rule-the Canadian C-spine Rule-led to a significant decrease in imaging. 16 When the CCHR was implemented at the same centers with Figure 1 . The MCMP Operation Analysis Model many of the same patients, however, CT imaging rates did not decrease. 17 In fact, imaging rates were 74-76 percent with the implementation, compared to 63-68 percent without it. 17 These rates were more than double compared to 12 years earlier in the same region. 44 The authors suspected that "CT imaging has become the local standard of care for patients with minor head injury…[and has] led to expedient over-testing." 17 The CCHR failed to reduce testing due to implementation failures not rule performance. Specifically, compliance with the CCHR could safely decrease the number of CT scans performed in minor head injury by 35 percent. 18, 19 If the CCHR were successfully implemented in the United States, a significant number of radiation-induced cancer deaths could be averted with a cost savings of up to $394 million annually. [17] [18] [19] 35 Until workflow barriers, patients' values and preferences, and how they affect decision-making regarding use of CT are addressed in this clinical scenario, these patients will continue to be exposed to undue radiation risk and cost. 19 
Patient-Centered Decision Support Design Process
We followed a user-centered design (UCD) approach-an iterative, multistage user interface design and evaluation process-to build a bedside aid that is useful and usable, and that promotes shared decision-making between patients and providers at the patient's bedside on a tablet computer. 45 First, a triangulated qualitative study was performed to identify the factors that either promote or inhibit the appropriate use of CT in patients presenting to the ED with minor head injury.
The findings of this qualitative research have been reported elsewhere. 46 Briefly, seven focus groups were performed-three with exclusively providers and four with exclusively patients. 47 Understanding that users may "have very limited insight into their own performance, and even more limited ability to articulate what might improve it," we triangulated the focus group findings with direct field observation in the form of a cognitive task analysis. 13 The analysis included more than 150 hours of direct observation in the ED of peer-nominated, senior emergencyphysician subject matter experts (SMEs) in safely minimizing testing in the ED via patient engagement and subsequent critical decision method interviews with the SMEs. 48, 49 The qualitative research findings included nonclinical human factors in six primary domains of establishing trust, bedside manner, anxiety (of both the patient and the provider), constraints (e.g., time), the influence of others (e.g., other providers, patient family members, Internet), and patient expectations. These results informed the conclusion that identifying and disseminating approaches and designing systems that help clinicians establish trust and manage uncertainty within the ED context could optimize CT use in minor head injury. 46 To our knowledge, such patient-centered themes have not previously been considered up front in the CDS design process.
Qualitative factors identified during the focus groups and cognitive task analysis were integrated in subsequent design and development of a prototype tool to formulate the initial CDS concept. Although there are many potential options for the specific details of a tool's interface such that it may eventually be seamlessly integrated into provider workflow, the initial interface must function within the constraints of what typically occurs at the bedside in a patient encounter-e.g., in the ED, patient arrival, waiting for provider, provider evaluation, diagnostic work-up if necessary, and patient-provider discussion regarding patient disposition (i.e., discharged home, transferred to another facility, admitted to the hospital). The tool must facilitate a patient-focused workflow for the provider. Therefore, the prototype was designed to include the following: (1) information for the patient to review while waiting for the provider and awaiting Volume 3 (2015) Issue Number 2 diagnostic work-up and discharge (akin to a patient decision aid) and (2) decision support with content for the provider to complete at the bedside in discussion with the patient. A rapid prototyping model was used following the International Patient Decision Aid Standards and the agile software development approach, which provides the flexibility to make changes from feedback on usability in addition to rapid prototyping. 61, 62 Given the constant evolution of available technology, the prototype was programmed to be device agnostic: capable of running on any modern device regardless of its operating system or form factor. The prototype's interface evolved through many development cycles. To develop the initial prototype, a multidisciplinary team (including several clinical informaticists with a variety of clinical backgrounds, a systems architect, a computer programmer, key stakeholders from the health system's information technology (IT) leadership, and potential users) reviewed the factors identified in the requirements-gathering phase, resulting in a "rough draft" prototype. Next, the flexible development process was enhanced by eliciting feedback from end users at every stage. The initial prototype was developed for demonstration and feedback from multiple audiences (including patient decision aid designers, internal-and emergency-medicine physicians, a human computer interaction class for physicians with a variety of clinical backgrounds and experiences, and key stakeholders from our institution's EHR vendor) on its content, format, and usability as well as its potential to increase patient knowledge and address patient concerns, values, and preferences. This feedback was used to iteratively modify the prototype.
This process is ongoing. At the time of this writing, the next step planned is for the prototype to undergo formative usability testing to maximize its efficiency, effectiveness, and user satisfaction. 19 Usability evaluations will be conducted with representative patients and providers (end users) to assess the degree to which the prototype tool matches their needs for shared decision-making and workflow. To optimize the adoption of this tool in the complex, high-pressure environment of the ED warrants special attention. In this complex sociotechnical system, maximizing the humancomputer interaction is not sufficient. The humanenvironment interaction, or ecology, must also be taken into account. It is crucial that CDS makes work easier for the provider-otherwise providers will not use the tool, will experience information overload and alert fatigue, and will try to ignore or circumnavigate the CDS in order to get other tasks done. 12, 63, 64 Field-testing will rely on the principles of ecological interface design to provide the right information at the right time and in the right way while considering the demands of the ED work environment.
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Features
The application was designed to allow users (both patient and provider) smooth, user-friendly navigation through the screens while completing the tasks of patient education, risk communication, and shared decision-making about whether or not to perform a CT. The application is equipped with features to educate and empower patients with knowledge that facilitates expressing concerns. When the provider arrives at the bedside, the patient can make an informed decision, and the provider can efficiently address the patient's concerns.
The patients fill out two forms when they first receive the tablet. The first is an eligibility form. If the patient is eligible, the patient then continues on to a questionnaire form. The answers to the questionnaire autopopulate the subjective components of the clinical decision rule later on in the provider workflow to streamline the provider's time at the bedside, thus maximizing the opportunity for a conversation regarding the patient's specific concerns. Following the forms, the tool is divided into three sections: (1) a patient education section, (2) a physician's section, and (3) a shared decision-making section. These sections all follow a visual metaphor using a design reminiscent of a decision aid on paper cards. 65 The tool's patient education section contains information for the patient about concussion, more severe brain injuries, and CT scans. The information provided on each card is focused and simplified, given the wide range of education backgrounds of potential users as well as the presence of a recent head injury. If the patient wants to learn more, there is the option to get more detailed information on specific questions on each topic. With the goal of maintaining the patient's attention, the information section was designed so the patients can read in any order they choose. In this section, the patients are also given the opportunity to flag their specific concerns for future discussion with their providers (Figure 2 ).
On entering the patient's room, the provider logs in and is prompted to go through the CCHR clinical decision rule with the patient. The inputs to the rule prompt a risk communication conversation by providing patient-specific risk estimates of any brain injury on CT, clinically important brain injury, the need for neurosurgical intervention, and risk of cancer from a head CT. The "What is best for YOU" screen in the provider section (Figure 3 ) engages the patient by addressing issues that we identified in our qualitative research-such as identifying and addressing patient concerns, establishing trust, and managing patient uncertainty. This section also has a card that appears only if the patient is 65 years or older and addresses issues specific to older adults.
The decision area is where the patient and the provider come together to make a shared decision. Three cards provide the details of three choices: (1) get a CT, (2) to go home now with active surveillance for new or concerning symptoms, or (3) stay in the ED for observation (available only to patients under age 65 due to the increased risk of a slow-bleeding subdural hemorrhage). A doctor's note includes the patient-specific risk estimates and documents the shared decision-making conversation. For example, the following shared decision-making note is generated for a low risk patient who does not undergo CT imaging:
I have used a decision aid to share decisionmaking with the patient about whether or not to get a CT scan for a minor head injury. 65 This patient's injury is low risk based on the Canadian CT Head Rule. We estimated the patient's risks as follows: (1) need for neurosurgical intervention to be 0.0% , (2) clinically important brain injury to be 1.1%, (3) any brain injury by CT to be 2.7%, and (4) lifetime risk of cancer from a CT scan today to be 0.007%. After considering the patient's unique circumstances and the pros and cons of the alternatives, we decided the patient should go home now without a CT. This note will push to the patient's chart in the EHR along with the ability for the provider to push an order for a CT or discharge instructions depending on the ultimate results of the shared decision. 
System Database Architecture
The prototype phase also included creation of a database to collect, edit, store, and retrieve data generated by the tool. The database grew throughout the rapid prototyping process as the application's needs expanded. Originally the model view controller framework provided some tables that handle user authentication. As the application grew, new tables were added for additional functionality. At the end of the prototyping phase, the database had six tables (Figure 4) . a 250GB hard disk. While this machine uses fewer resources, these specifications allow the application to run smoothly. We used similar specifications for the database server. With these modest specifications the application runs smoothly and yet does not utilize all of the server's resources.
Lessons Learned
Specific lessons gained from the patient-centered decision support design process described above are provided in Table 1 along with generalized, actionable recommendations such that future design and implementation efforts might benefit from the critical insights gained from this process. Given the literature available on similar topics, this list of lessons is by no means exhaustive; rather, it is intended to provide key pitfalls and successes based on our experiences that may not yet appear in the literature or would most benefit an early stage developer.
Early stakeholder involvement is a key tenet in implementation science and change management. A common pitfall in implementation science is when stakeholders resist change due to lack of engagement early on in the change process. Stakeholders for this project include groups such as ED patients with minor head injury, ED providers locally (and beyond should the implementation succeed locally), departmental leadership, health system IT leadership and informatics work force, clinical informatics research community, and the EHR vendor. Engagement of health system IT leadership and patients are both challenging and crucial for success. Therefore, we placed special emphasis on recommendations to engage these stakeholders early and throughout the development process.
Provider stakeholders have made it clear in the requirement-gathering phase that they will use a tool if it can streamline their workflow. Therefore, we are working to integrate the tool within our institution's EHR such that it can facilitate CT order entry for the provider and generate discharge instructions for the patient (patient handout on concussion). We are working with our health system's IT leadership and our institution's EHR leadership to optimize this interoperability. Lessons learned thus far in EHR integration are both refreshing and frustrating. Evolution of the EHR interface is driven by market pressure for functionality over usability. 4, 5, 69 Despite the barriers to receiving vendor-specific training coursework for research applied to their interface, there are large initiatives on the vendor's part to continue to improve EHR usability with a patientcentered focus.
During the prototype development process, we demonstrated the prototype to outside expert groups (in human-computer interaction, health IT usability research, and decision aids) to seek feedback. These outside groups were particularly helpful to set goals in innovative areas of inquiry within the patient-centered decision support design process. For example, traditional usability evaluations test a single user on a single device. Usability evaluation of our tool presents unique challenges to traditional usability evaluation techniques since our tool will be used by two users on a single device. To address this challenge, we have developed a standardized protocol for usability testing that evaluates one user type and simulates the other user with a standardized script. For example, real physician users will test the tool with standardized patients in a simulated clinical environment. The decision aid expert group helped us to appreciate that the tool's primary goal for both evaluation and implementation will be its ability to facilitate high quality conversation between the patient and provider. Tool will achieve its goals only if it can promote conversation between patient and provider.
Include designers on development team so tool facilitates high quality conversation between patient and provider. Consider using psychometrics for shared decisionmaking-like the OPTION scale and decisional conflict scale. 67, 68 It is more difficult to make changes to a computerized prototype if programming is started too early in the development process.
1. Complete wireframing exercises with end users as an inexpensive and effective method for the early phases of rapid prototyping. 2. Once programming has commenced, programmers must be flexible with evolving specifications as input for the tool is given by key stakeholders and end users.
Challenge of having two users
Best practices for authentication of two users for a single tool on a single device are not established. Double user authentication is particularly difficult given HIPAA regulations.
Work within the institution's EHR constraints to permit authentication of both users and maintain HIPAA compliance.
Usability testing methods for two users on a single device is not established-limiting data collection options for both users using conventional usability evaluation methods and software.
Evaluate one user type at a time (e.g., provider) and simulate the other user with a standardized script.
Project management
A high volume of programming specifications can be difficult to track and prioritize.
Use cloud-based project management software to allow asynchronous communication and tracking of specification requests and progress.
Accessibility
Section 508 of the Rehabilitation Act of 1973 in the United States requires all federally funded information technology (IT) to be accessible to people with disabilities.
Use online resources to assess 508 compliance as well as accessibility for those with limited literacy and color blindness.
Conclusions
This case study describes a novel patient-centered decision support design process that aims to bring the physician back to the patient's bedside by integrating a patient decision aid with CDS for shared use by the patient and provider on a touchscreen tablet computer for deciding whether or not to obtain a CT scan for minor head injury in the ED, a clinical scenario that could benefit from CDS but has failed previous implementation attempts. The study focuses on the prototype building process in the context of requirement gathering, usability-and field-testing, and EHR integration, and a future implementation trial to demonstrate that some technological support is better than no technology for patient engagement and safe reduction of diagnostic imaging in the ED. Once the cycle of development and testing is complete, we aim to prospectively test the effect of using the tool in ED patients with minor head trauma. The ultimate objective of developing this patient-centered decision support tool is that it will engage patients in their care and safely reduce CT use in minor head injury patients in the ED. The tool will facilitate the patient and provider in engaging in transparent, informed, shared decision-making regarding risk communication and CT use in minor head injury. It will be seamlessly integrated into the provider's EHR workflow including automatically generating a note for the patient's chart on the shared decision-making conversation, thereby simultaneously streamlining the provider's workflow and respecting the patient's preferences.
The current challenges to EHR usability reflect the vendor market's pressure for functionality over usability. 4, 5, 69 It has been argued that current EHRs contain vast amounts of data and information hidden in unreadable interfaces and that "no system of data management will ever replace…good medicine." 71 This conclusion fails to recognize the trajectory of innovation that EHR usability challenges represent. In Ackoff's seminal paper, "From Data to Wisdom," he differentiates data and information from knowledge. 72 Data is raw material; it exists in isolation without significance. Information is data that has been given meaning but may or may not be useful; whereas knowledge is the collection of information with the intent to be useful. We believe that medicine is only in the dawn of its information age; the smart phone's pervasiveness is evidence that as a society we are well into a knowledge age. The complexity of the changing health care system locally, regionally, and nationally and the rapid growth of knowledge in complex fields all delay EHR usability. As medicine catches up to available technologies, future electronic systems must not only be usable, but must also support knowledge and promote conversation between patients and their doctors at the bedside.
